The thermophysical properties of steel, as determined by experimental research or when calculated with thermodynamic databases, are key input parameters for building a numerical model of the continuous casting process. Based on the chemical composition of a steel grade and the algorithms implemented in the thermodynamic databases, a number of material properties, i.e. enthalpy, thermal conductivity, density, viscosity, solidus and liquidus temperatures, may be determined. The study presents the influence of enthalpy and specific heat values on the temperature distribution that was calculated by using the numerical model of the steel continuous casting process. This model was developed based on the actual dimensions of the slab continuous casting machine in the ArcelorMittal Poland Unit in Kraków. The S235 steel grade -along with the strand dimensions of 220 x 1100 mm -were selected for the tests. The calculated temperature distribution of a solidifying strand of continuously cast steel was verified on the basis of a database. This database was created during measurements conducted in industrial conditions.
Introduction
In recent years the possibilities surrounding numerical modelling of metallurgical processes have been very important for creating new technologies, along with modifying those that already exist. Modelling of the continuous process of steel casting is generally known in literature as this subject has been undertaken by many authors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Although both commercial calculation packages and original software have been used in this area, developing a numerical model of the continuous casting process is an extremely complex task because the requirements stipulate that the correct set of material parameters, along with the process data, have to be implemented. The basic feature that determines steel classification is its chemical composition. It determines both the casting process conditions and the thermophysical and rheological properties of the material tested. Based on its chemical composition -with CompuTherm LLC thermodynamic databases [14] , supplied together with the ProCAST software -it is possible to calculate the following material properties as a function of temperature: heat conductivity, density, enthalpy, viscosity and the liquidus and solidus temperatures. Based on its chemical composition, calculating the material parameters of the steel grade tested is a common approach applied during modelling of casting processes. However, it should be emphasised that the temperature distribution obtained with numerical modelling is extremely sensitive to any changes in the basic thermophysical properties. Taking the foregoing aspects and the need to conduct sensitivity analysis in terms of material properties into account, tests for the S235 steel were conducted in order to experimentally determine the main material parameters as a function of temperature. This included the values of specific heat and latent heat. Detailed verification as regards the correctness of the continuous casting process model calculations includes the checking of the temperature distribution on the solidifying strand surface. This is accomplished by making a comparison with the temperature values obtained by measurements with optical pyrometers in the reference points. These measurements covered two sequences, including 13 test heats. The metallurgical length of the strand and the thickness of the shell under the mould were additional parameters that enabled the model to be verified.
Construction of the Numerical Model of the Steel Continuous Casting Process
The ProCAST software package was used for calculations, using the finite element method (FEM) as the basis for mathematical modelling of the continuous process of steel casting. The movement of a continuum may be described from two different standpoints -either by the Lagrangian or the Eulerian methods. The Eulerian approximation is best suited for describing the temperature field and the flow of liquid metal. A non-deforming finite element mesh, along with the unchanged geometry of the steel continuous casting process, is applied here. A mould model with a height of 900 mm, and a wall thickness of 40 mm, was designed. Filling the mould with liquid steel was assumed at a level of 850 mm. A strand with an arc radius of 10.5 m, and dimensions of 220 x 1100 mm, and the length of 20 m was also designed.
Material Parameters
The following thermal properties of the S235 steel from the experimental research -specific heat, along with the heat of solidification, and thermal conductivity -were used for developing the numerical model as regards the continuous process of steel casting [5] . Density and viscosity, along with the liquidus and solidus temperatures were determined on the basis of the chemical composition of the steel examined with CompuTherm LLC thermodynamic databases, that were provided with the ProCAST software package. The numerical model of the continuous steel casting process uses the enthalpy method for calculations of the temperature distribution [15]. This method is described as in the equation [1, 3] :
where: H -enthalpy kJ/kg c p -specific heat kJ/(kgK) L -latent heat kJ/kg f s -solid phase fraction
In the material parameters, the enthalpy value H -or the specific heat value c p , along with the latent heat L -may be declared. The values of specific heat, and heat of solidification, were implemented in the developed numerical model for the base variant. Fig. 1 presents the values of specific heat as a function of temperature. 
The Heat Transfer Model in the Continuous Steel Casting Process
In the calculations presented, the heat transfer model was applied in which the temperature field could be determined by solving the Fourier equation. In general form, this equation is written as follows:
where: T -temperature, K K -matrix of thermal conductivity distribution function, Q -heat generation rate, resulting from metal plastic deformation or phase transformations occurring in the material, ρ -metal density as a function of temperature T, kg/m DOI 10.12776/amsc.v4.251 ISSN 1338-1660
The solution to the thermal problem is the T vector that represents temperature values in individual nodes of the finite element mesh. The solution of the Fourier equation should meet those boundary conditions declared on the strand surface. The surfaces for which boundary conditions were introduced were broken down into four groups: 1. The contact of the solidifying strand surface with the inner side of the mould 2. The secondary cooling zone 3. The water cooled mould outer side 4. The surface of the liquid steel meniscus In the numerical model of the continuous steel casting process, the primary cooling zone was divided into two main areas for which the heat transfer coefficients were calculated. The value of the heat transfer coefficient of 24000 W/m 2 K was calculated, corresponding to the value of the heat received by the water flowing in the mould channels. This value was implemented on the outer walls of the mould. For contact of the solidifying strand surface with the mould wall, the heat transfer coefficient was calculated as a function of strand surface temperature. 
Variants of calculations
During the first step, the solidifying strand surface temperature -calculated on the basis of two specific heat characteristics -was analysed, the measurements made with the Netzsch STA 449 F3 Jupiter device. The DSC (Differential Scanning Calorimetry) analysis was conducted in order to measure the specific heat, along with the heat related to individual transformations occurring during steel solidification [5] . On the basis of those conducted specific heat value measurements and their verification, a set of parameters constituting the basic calculation variant was developed. The specific heat values are presented in Fig. 1 . In the base variant, the measured solidification heat of 113 kJ/kg was implemented in its numerical form. In the second calculation variant, specific heat values resulting directly from experimental tests (Fig. 3) were applied, but not including the isolated solidification heat in its numerical form.
Fig. 3 Specific heat values versus temperature for the S235 steel, second calculation variant
Direct results of the measurement of specific heat as a function of temperature were analysed to determine the influence of individual phase transformations. These results were also applied to determine the amount of heat related to a given transformation. It should be observed that the transformation of austenite into ferrite, along with the peritectic transformation, are accompanied by heat emissions, whereas the magnetic transformation (the secondary phase transformation) only causes a change in the specific heat value. In the next calculation stage the impact of the enthalpy change was analysed by increasing and decreasing its value subsequently by 10% (Fig. 4) . The enthalpy values calculated with the thermodynamic databases were increased and decreased by 10%.
Fig. 4 Enthalpy versus temperature for the variants examined
Calculations of the temperature distribution were performed for five different calculation variants. In the first two variants, the calculations were based on the values of specific heat as a function of temperature. In the next step, the values of enthalpy as a function of temperature were used.
Calculation results
The temperature distribution on the whole length of the solidifying strand was calculated by using a numerical model of the continuous steel casting process. The sensitivity of the model to specific heat values, and the enthalpy as a function of temperature, was analysed by checking the shell thickness after leaving the mould, the metallurgical length, and the temperature of the strand surface in the reference points. Table 2 presents the metallurgical length and the thickness of the shell when leaving the mould for all the variants tested. For the base variant, the obtained thickness of shell leaving the mould was 2.52cm, taking into account the specific heat values from the measurements along with the numerical declaration of A reduction of the enthalpy value by 10% caused a decrease in the shell thickness by 0.15 cm, while an increase in the enthalpy value by 10% also influenced an increase in the shell thickness by 0.15 cm. In both cases the metallurgical length could not be determined due to the assumed strand length of 20 m. It should be noted that, in the case analysed, water spray cooling ends with the secondary cooling chamber (18.2 m). According to the applicable process and for maintaining safety in the continuous casting process, the strand should completely solidify before leaving the secondary cooling zone. For the variants tested, the temperature of the strand surface in the reference points was compared. The first reference point was located about 2.5 m under the mould, the second on 18.5metres -this was directly after the exit of the secondary cooling chamber. Table 3 presents the values of the strand surface temperature that was measured in the reference points and calculated with the numerical model for the five variants examined. For the base variant, taking into account the specific heat values from the measurements along with the numerical declaration of the latent heat, the strand surface temperature recorded in the reference points was accurately represented. For other variants, considerable differences in the strand surface temperature values were obtained in relation to the values measured during measurements in the secondary cooling chamber. The most substantial temperature differences were calculated for the variant that took into account the enthalpy values determined with the thermodynamic databases, and being additionally increased by 10%. For the first reference point the difference was 178°C, and for the second 142°C. The least significant differences in the surface temperature were obtained for the second variant that took into account the specific heat values without the numerical declaration of latent heat. For the first reference point the difference was 96°C, and for the second 33°C.
Conclusions
The paper presents an analysis of sensitivity of the developed numerical model to any change in the specific heat, enthalpy and method of latent heat declaration. The numerical model of the continuous steel casting process -as developed with the ProCAST software -responds correctly and is shown as stable to any changes in the material parameters. Consequently, it is possible to conduct a detailed sensitivity analysis covering any parameters of the steel cast. The shell thickness immediately below the mould, metallurgical length and the temperature distribution of the strand measured in the reference points were evaluated. The parameters examined were compared with the values declared by the continuous casting machine manufacturer. The starting point for the sensitivity analysis was the base variant which took account of the specific heat values from the experimental tests, along with the latent heat value that was implemented in the numerical model as a numerical value. The calculations obtained for the base variant allowed the actual continuous casting process for the S235 steel grade to be fully mapped for the declared strand casting speed of 1m/min. The method of declaration of the specific heat value, along with the solidifying heat, has a significant influence on the calculation of temperature distribution in the continuous steel casting process with a numerical model. By taking into account values coming from experimental research, the amount of heat accompanying the individual phase transformations occurring during the solidification process may be accurately determined and therefore a better calculation accuracy of the numerical model can be obtained. In addition, the method of latent heat declaration is very important. In extreme cases, an error in the enthalpy value determination in relation to the verified specific heat values may be as high as 178°C.
